Trichuris muris resides in intimate contact with its host, burrowing within cecal epithelial cells. However, whether the enterocyte itself responds innately to T. muris is unknown. This study investigated for the first time whether colonic intestinal epithelial cells (IEC) produce cytokines or chemokines following T. muris infection and whether divergence of the innate response could explain differentially polarized adaptive immune responses in resistant and susceptible mice. Increased expression of mRNA for the proinflammatory cytokines gamma interferon (IFN-␥) and tumor necrosis factor and the chemokine CCL2 (MCP-1) were seen after infection of susceptible and resistant strains, with the only difference in expression being a delayed increase in CCL2 in BALB/c IEC. These increases were ablated in MyD88 ؊/؊ mice, and NF-B p65 was phosphorylated in response to T. muris excretory/secretory products in the epithelial cell line CMT-93, suggesting involvement of the MyD88-NF-B signaling pathway in IEC cytokine expression. These data reveal that IEC respond innately to T. muris. However, the minor differences identified between resistant and susceptible mice are unlikely to underlie the subsequent development of a susceptible type 1 (IFN-␥-dominated) or resistant type
The immune response to Trichuris muris, a natural parasite of the mouse large intestine, has been well characterized in terms of cytokine production in the draining lymph node, with a type 2-dominated response an absolute requirement for worm expulsion (5, 8, 9, 27) . Although T. muris resides within the epithelial cells of the large intestine, no studies have investigated whether this cell type responds innately to the presence of the parasite.
The epithelial monolayer lining the length of the intestine is charged with a vital and intricate task. Beyond the primary function of nutrient absorption, this cell layer must maintain an immunologically inert barrier to an external environment containing a vast number of commensal bacteria while still being able to mount both innate and adaptive immune responses against invading pathogens. Consequently, the epithelial layer of the gut has evolved an extensive array of defenses with which to protect the host against infection (31) .
Aside from acting as a barrier, the gut epithelial compartment can deploy a number of intrinsic mechanisms in the defense against invading pathogens. These include secretory diarrhea and the production of mucus and trefoil peptides by goblet cells and antimicrobial peptides, such as defensins and cathelicidins, by Paneth and epithelial cells (16) . Following Trichinella spiralis infection of the small intestine, goblet cells in the epithelial layer have been shown to secrete intelectin-2 (25) and resistin-like molecule ␤ (4), two molecules suspected of playing roles in the expulsion of the parasite. Studies of intestinal epithelial cells (IEC) have also shown altered expression of cytokines and chemokines in the small intestine in response to T. spiralis (33) . These factors play important roles in both the maturation and the migration of dendritic cells and the infiltration of leukocytes into the gut, and consequently the development of an adaptive immune response.
The investigation of the response of IEC to infection is dominated by bacterial (22, 31) and protozoan (7) studies. Current knowledge of innate IEC immune responses to nematode parasites is limited to the small intestine, an environment known to be immunologically distinct from that of the large intestine. Furthermore, this knowledge has been generated only in the context of models that progress to Th2-mediated worm expulsion (19, 29, 33) . The innate immune response of colonic IEC to gastrointestinal nematodes is unexplored, and importantly, it is not known whether IEC from resistant and susceptible mice respond differently to the parasite, potentially influencing the adaptive immune response that leads to either the expulsion or the persistence of T. muris.
The present study was designed to assess the innate immune responses of epithelial cells from the large intestines of resistant (BALB/c) and susceptible (AKR) mouse strains to T. muris infection in terms of cytokine and chemokine production, particularly with regard to macrophage chemoattractants, as large numbers of macrophages infiltrate the gut after T. muris infection (8, 20) . AKR and BALB/c mice were infected, IEC were recovered after either 24 h or 7 days, and mRNA analyses of proinflammatory cytokines and chemokines and type 1 and type 2 cytokines were performed. The use of SCID mice confirmed that the IEC were responding to the parasite in the absence of mature B and T cells. Myeloid differentiation factor 88-deficient (MyD88 Ϫ/Ϫ ) mice and a cell line, CMT-93, revealed that both MyD88 and NF-B p65 are involved in the intracellular signaling pathway or pathways activated by exposure to T. muris excretory/secretory (E/S) products.
MATERIALS AND METHODS
Animals, T. muris, and E/S proteins. SCID mice were bred in house at the University of Manchester. AKR, BALB/c, and C57BL/6 mice were purchased from Harlan U.K. (Bicester, Oxon, United Kingdom). MyD88 Ϫ/Ϫ mice were a gift from S. Akira (University of Osaka, Osaka, Japan). Male mice were used in all experiments. The mice were infected with T. muris when they were 8 to 10 weeks old. Animal experiments were performed under the regulations of the Home Office Scientific Procedures Act (1986). The maintenance of T. muris, the method of infection, and production of E/S proteins were as previously described (35) . Batches of E/S used for the stimulation of the epithelial cell line CMT-93 were tested for endotoxin content by the chromogenic Limulus amebocyte lysate assay (Charles River, Charleston, SC). The level of contamination was found to be less than 3 pg/ml, over 1,000-fold less than the concentration of lipopolysaccharide required to stimulate the production of cytokines or chemokines from CMT-93 cells, depending on the cytokine or chemokine being measured (data not shown). Infections were designed to give each animal approximately 100 to 150 infective eggs. Mice were sacrificed at various time points after infection, and the worm burden in the large intestine was assessed as previously described (11) .
Isolation of colonic epithelial cells and assessment of purity by flow cytometry. The large intestine (the cecum and approximately 5 cm of colon) was recovered, and fat, connective tissue, and Peyer's patches were removed. The tissue was then slit longitudinally and rinsed in calcium-and magnesium-free Hanks balanced salt solution (Invitrogen, Paisley, United Kingdom) containing 2% fetal calf serum (Invitrogen) (CMF2%), cut into 1-cm lengths, and placed in ice-cold CMF2%. Following vigorous shaking, the supernatant was discarded and fresh CMF2% was added. This was repeated (at least three times) until the supernatant remained clear. The tissue was then placed into calcium-and magnesiumfree Hanks balanced salt solution containing 10% fetal calf serum, 1 mM EDTA (Sigma, Poole, United Kingdom), 1 mM dithiothreitol (Sigma), 100 units/ml penicillin, and 100 g/ml streptomycin (both from Invitrogen) and incubated at 37°C for 20 min. The supernatant was recovered after vigorous shaking and placed on ice. This procedure was repeated once more. The supernatant was then passed through a 100-m cell strainer and centrifuged at 200 ϫ g for 10 min. The cells were resuspended in ice-cold PBS and counted, and the volume was adjusted to give 5 ϫ 10 6 cells/ml. Cells were stained with rat anti-mouse epithelial cell adhesion molecule (Ep-CAM; clone G8.8), which binds to a mouse epithelial cell epitope (13, 23) . The percentage of cells binding Ep-CAM was determined by a secondary antibody, anti-rat immunoglobulin G2a (IgG2a):fluorescein isothiocyanate (Serotec, Oxford, United Kingdom). Isotype controls were performed using rat IgG2a of irrelevant specificity (anti-KLH; BD Biosciences, Oxford, United Kingdom) and the same secondary antibody, anti-rat IgG2a:fluorescein isothiocyanate. To assess leukocyte contamination and because some CD45 ϩ cells have been shown to express Ep-CAM, IEC preparations were also stained with rat anti-mouse CD45: phycoerythrin (Serotec) (isotype control, rat IgG2b:phycoerythrin; Caltag, Towcester, United Kingdom). The cells were double stained for Ep-CAM and CD45 for 30 min on ice in the dark before being fixed with 1% paraformaldehyde in phosphate-buffered saline (PBS) and stored at 4°C in the dark until they were analyzed. The results were acquired on a FACSCaliber flow cytometer and analyzed using CellQuest Pro software (both from BD Biosciences). Ep-CAM expression was found on the majority of cells and was never less than 93% in any strain or at any time point in this study. Importantly, none of the strains of mice used contained more than 1.0% CD45 ϩ cells in the epithelial cell preparation. This was true of all time points and strains examined in the results presented in this study (data not shown). The remainder of the cells (Յ6%) most likely comprised goblet cells and a small population of enteroendocrine cells.
Culture of CMT-93 cells. The rectal epithelial cell line CMT-93 was purchased from LGC Promochem (Teddington, United Kingdom). CMT-93 cells were cultured in Dulbecco's modified Eagle's medium plus 10% fetal calf serum (Invitrogen). The cells were grown on six-well plates from a starting density of 1 ϫ 10 5 /well until they were approximately 90% confluent, the medium was changed, and the cells were stimulated with either E/S (50 g/ml), 6-amino-4-(4-phenoxyphenylethylamino)quinazoline (6AQ) (10 nM), or both. The supernatants were collected for cytokine and chemokine enzyme-linked immunosorbent assays (ELISAs), and cells were recovered for protein or RNA extraction.
Cytokine and chemokine ELISAs. Cytokines were analyzed by sandwich ELISA as previously described (10) . The monoclonal antibody pairs used for gamma interferon (IFN-␥) were R4-6A2 and XMG1.2. All detection antibodies were biotinylated and used in conjunction with streptavidin-peroxidase (Roche Diagnostics, Sussex, United Kingdom). Color development following the addition of tetramethylbenzidine (BD Biosciences) was monitored, and the reaction was stopped with 2 N sulfuric acid. The plates were read at 405 nm. ELISAs for CCL2 and tumor necrosis factor (TNF) (BD Biosciences) were performed according to the manufacturer's instructions.
Extraction of total RNA and reverse transcription (RT). Colonic epithelial cells (5 ϫ 10 6 ) from AKR, BALB/c, and SCID mice or CMT-93 cells were lysed in TRIzol (Invitrogen), and total RNA was extracted according to the manufacturer's instructions. The integrity of the RNA was confirmed by visualization of the 18S and 28S ribosomal bands under UV light following separation on a 1.5% agarose gel. The concentration of total RNA was measured by absorbance at 260 nm on a GeneQuant spectrophotometer (Amersham Biosciences, Chalfont St. Giles, Bucks, United Kingdom). One microgram of total RNA was reverse transcribed using SuperScript 2 (Invitrogen) in a final volume of 40 l according to the manufacturer's instructions and stored at Ϫ20°C until it was used.
Quantitative PCR. Quantitative PCR was performed using SYBR green (New England Biolabs, Hitchin, United Kingdom) on an OPTICON DNA engine with OPTICON Monitor software version 2.03 (Real-Time Systems; MJ Research). Amplification of mRNA encoding hypoxanthine phosphoribosyltransferase 1 (HPRT1), 18S rRNA, and ␤-actin was performed to control for the starting amount of cDNA. Expression levels of genes of interest are shown as change (n-fold) over that seen in naïve animals after normalization to HPRT1 mRNA levels using the comparative threshold cycle method. The primers used were GTAATGATCAGTCAACGGGGGAC and CCAGCAAGCTTGCAACCTTA ACCA for HPRT1, TGCTGACCCCAAGAAGGAATG and CTTGAGGTGG TTGTGGAAAAGG for CCL2, TCTTCTCATTCCTGCTTGTGG and GACA ACCTGGGAGTAGACAAGGT for TNF, and AAGACTGTGATTGCGGG GTTG and GAGCGAGTTATTTGTCATTCGGG for IFN-␥. All sequences are 5Ј-3Ј, with the sense primer given first.
Total cell protein isolation and phosphorylated NF-B p65 (RelA) ELISA. A whole-cell extract kit (Active Motif, Rixensart, Belgium) was used for the preparation of total cell protein. CMT-93 cells were cultured with or without E/S for various times, the media were removed, and the cells were washed twice with ice-cold PBS containing phosphatase inhibitors. Fresh PBS containing phosphatase inhibitors was added, and the cells were removed with a cell scraper and transferred to an ice-cold tube. After centrifugation at 200 ϫ g for 5 min at 4°C, the supernatant was discarded, and the cells were disrupted in lysis buffer containing protease inhibitors and incubated for 10 min on ice with gentle rocking. Samples were then centrifuged at 8,500 ϫ g for 20 min at 4°C, and the supernatant was recovered as the protein-containing fraction. Samples were stored at Ϫ80°C until they were assayed.
An ELISA-based method of quantifying phosphorylated NF-B p65 was purchased from Active Motif and used according to the manufacturer's instructions. An oligonucleotide containing an NF-B consensus binding site was immobilized to the surface of a 96-well ELISA plate. Total protein isolated from cells of interest or recombinant NF-B p65 (the standard) was incubated on the plate for 1 hour at room temperature. Jurkat nuclear extract was used as a positive control, and the specificity of binding was determined by the addition of a blocking oligonucleotide. After sample incubation, an anti-NF-B p65 antibody was added, followed by a horseradish peroxidase-labeled secondary antibody. Color development was monitored and stopped with acid. The plates were read at 450 nm with a reference wavelength of 655 nm. After nonspecific-background subtraction, a standard curve was plotted to allow determination of the amount of phosphorylated NF-B p65 per sample.
Statistical analysis. Statistical analysis was performed using Student's t test or analysis of variance, as appropriate, with the statistical package GraphPad Prism (GraphPad Software, San Diego, CA). A probability value of Ͻ0.05 was considered significant.
RESULTS
Colonic epithelial cells mount an innate immune response to T. muris by 24 h p.i. By 24 h postinfection (p.i.), T. muris reaches the large intestine, hatches, and burrows into the epithelial cell layer (12) . Colonic IEC were isolated from AKR and BALB/c mice at that time, and expression of cytokines and chemokines was assessed. Expression levels (changes from naïve levels) of IFN-␥ and TNF mRNA were higher in both AKR and BALB/c IEC (Fig. 1) . Interestingly, there was no detectable expression of mRNA for the type 2 cytokines interleukin-4 (IL-4) and IL-13 and only weak expression of IL-12 p35 and IL-12 p40 by AKR or BALB/c IEC (data not shown). There was a large increase in mRNA for CCL2 in AKR IEC VOL. 74, 2006 T
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(11.3-fold over naïve levels) but no difference in BALB/c IEC (1.5-fold change) (Fig. 1) . Two further macrophage chemoattractants, CCL6 and EMAP-2, and the antimicrobial chemokine CCL28 were expressed in naïve IEC, but levels were not increased after infection at this or the later time point (data not shown).
The innate response of colonic epithelial cells is maintained 7 days after T. muris infection and is independent of T and B cells.
To determine if the increased cytokine expression seen after 24 h persisted during the early immune response, IEC were recovered from mice infected with T. muris for 7 days. The pattern of expression of the genes investigated was very similar to that found at 24 h p.i. As found at 24 h, IFN-␥ and TNF mRNA levels were increased from naïve levels in both AKR and BALB/c IEC, although TNF expression was now higher in BALB/c than AKR IEC (Fig. 2A) . Expression of CCL2 was now detectable in both strains, although levels were higher in AKR than in BALB/c IEC (7.0-and 2.4-fold increases over naïve levels, respectively), showing that BALB/c IEC do express CCL2 in response to T. muris infection, but with slower kinetics than in the susceptible strain ( Fig. 2A) . As at 24 h p.i., there was no expression of mRNA for IL-4 and IL-13, only very small amounts of IL-12 p35 and IL-12 p40 mRNAs, the expression of which was not altered after infection (data not shown).
To exclude any contribution to the cytokine and chemokine expression at day 7 p.i. by any contaminating intraepithelial leukocytes (Ͻ1% by flow cytometry for CD45 [data not shown]), the experiment was repeated in SCID mice, which lack functional T and B cells. Figure 2B shows that SCID IEC also express increased amounts of IFN-␥, TNF, and CCL2 mRNAs after infection. This shows that IEC are the most likely source in AKR, BALB/c, and SCID mice of IFN-␥, TNF, and CCL2 produced at day 7 in response to T. muris infection.
T. muris E/S stimulate the production of cytokines and chemokines from CMT-93 cells and involve the activation of NF-B. To confirm that IEC from the large intestine are capable of responding to the presence of T. muris, a colonic epithelial cell line was utilized. The CMT-93 cell is derived from an epithelial polyploid carcinoma and, although altered from the normal physiological state of a colonic IEC, is a valuable model for directly analyzing the response of epithelial cells to E/S proteins of T. muris in the absence of any other cell type. CMT-93 cells were cultured for 24 h in medium alone or with T. muris E/S (50 g/ml), and total RNA was recovered. Figure 3A shows that E/S stimulation of CMT-93 cells enhances the expression of IFN-␥, TNF, and CCL2 mRNAs when measured by quantitative RT-PCR, mirroring the results seen in IEC isolated from AKR and BALB/c mice. ELISA measurements of protein secretion by CMT-93 cells revealed that the amount of TNF increased over 5-fold, from 19.6 (Ϯ 5.4) to 103.8 (Ϯ 38.7) pg/ml (P Ͻ 0.01), and CCL2 rose 20-fold, from 15.2 (Ϯ 8.3) pg/ml in control samples to 308.6 (Ϯ 102.3) pg/ml in E/S-treated cells (P Ͻ 0.05) (Fig. 3B) . IFN-␥ was not detectable by ELISA, and as in the case of ex vivo IEC, no IL-4 or IL-13 was detectable by either PCR or ELISA and IL-12 p35 and p40 expression was low and did not change after stimulation (data not shown).
The transcription of the genes shown to be increased in response to T. muris infection or E/S stimulation is known to involve the activation and nuclear translocation of NF-B. To determine if NF-B activation occurs in CMT-93 cells following exposure to E/S, total protein was recovered from cells at various times after stimulation, and the amount of phosphory- on November 10, 2017 by guest http://iai.asm.org/ lated NF-B p65 (RelA) was measured by an oligonucleotidebased ELISA. Unstimulated cells contained 6.0 (Ϯ 0.5) ng/ml phosphorylated NF-B p65, which rose 83% to 11.0 (Ϯ 3.1) ng/ml 4 h after E/S stimulation, a statistically significant increase (P Ͻ 0.05). Levels of phosphorylated NF-B p65 then declined to control levels by 48 h poststimulation (Fig. 3C) . To confirm the involvement of NF-B in IFN-␥, TNF, and CCL2 gene expression, an NF-B inhibitor (6AQ) was utilized. Cells cultured with E/S showed a large increase in the expression of TNF and CCL2 by quantitative PCR (Fig. 3D) and ELISA (Fig. 3E) , and this was completely inhibited by 6AQ. The increase in IFN-␥ mRNA expression measured by quantitative PCR was also abolished by the addition of 6AQ (data not shown).
Changes in IEC gene expression after T. muris infection are dependent on MyD88. To investigate in vivo the upstream signaling pathways that lead to the activation of NF-B p65 and ultimately the increases seen in gene expression in vitro in CMT-93 cells, MyD88 Ϫ/Ϫ mice on a C57BL/6 background were infected for 24 h and IEC gene expression was measured by PCR. Both C57BL/6 and MyD88 Ϫ/Ϫ mice are resistant to T. muris infection, but they expel the parasite with slower kinetics than BALB/c mice (17) . Analysis of C57BL/6 and MyD88 Ϫ/Ϫ IEC revealed a role for MyD88 in altered gene expression 24 h post-T. muris infection. PCR analysis confirmed that only wildtype (WT) cells express Myd88 (data not shown). WT mice show expression of IFN-␥, TNF, and CCL2 mRNAs in IEC from naïve mice, with increases of 2.2-, 1.7-, and 4.5-fold, respectively, at 24 h p.i. (Fig. 4) . In comparison, MyD88 Ϫ/Ϫ IEC show reduced amounts of mRNA for all three genes investigated in naïve animals (data not shown) and there are no increases in expression at 24 h p.i. (Fig. 4) . These results show that MyD88-dependent signaling is required for the increased expression of IFN-␥, TNF, and CCL2 mRNAs by IEC 24 h post-T. muris infection.
DISCUSSION
Previous reports have shown the production of immunoregulatory molecules, including cytokines and chemokines, by to its consensus oligonucleotide sequence after E/S stimulation. Cells were recovered at various times after exposure to E/S, and the amount of phosphorylated NF-B p65 was measured by ELISA. The data are expressed as means Ϯ 1 SD and are representative of four independent experiments. The limit of detection was Ͻ0.4 ng/ml. (D and E) Inhibition of E/S-induced cytokine production by the NF-B inhibitor 6AQ. Cells were incubated with E/S or E/S and 6AQ, and mRNAs were recovered for quantitative PCR (D) and supernatants were recovered for ELISAs (E). Data are expressed as the mean ϩ 1 SD. 6AQ alone had no effect on the parameters measured (data not shown). * , P Ͻ 0.05, and ** , P Ͻ 0.01 compared to unstimulated cells; †, P Ͻ 0.01 compared to E/S-treated cells.
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epithelial cells lining the small intestine and described alterations in the level of expression following exposure to invasive bacteria, protozoa, and helminths (7, 19, 22, 29, 31, 33) . Production of these factors immediately after infection could potentially influence the influx of cells to the site of infection and, hence, the subsequent quality of the adaptive immune response. This study demonstrates for the first time increased expression of IFN-␥, TNF, and CCL2 mRNAs in response to T. muris infection by mouse colonic epithelial cells as early as 24 h after infection. These increases persisted until at least day 7 p.i. The use of resistant and susceptible strains also showed that at these early time points after infection, there were no substantial differences in the production of cytokines or chemokines by IEC that could clearly determine the development of a type-1 or type-2 immune response. Interestingly, there was increased expression of IFN-␥ mRNA in the absence of type 2 cytokines (IL-4 and IL-13) (data not shown), suggesting that, at least initially, a type 1-dominated environment occurs locally in both AKR and BALB/c mice and that alternative mechanisms, such as cytokines produced by other cell types, must exist to convert this to a type 2 response that mediates worm expulsion in resistant strains of mice. IFN-␥ is normally induced by IL-12; however, no evidence was found for IL-12-driven IFN-␥ production, as only low levels of IL-12p35 and -p40 were detected, and they were not increased after infection (data not shown). It would thus be interesting to assess whether another cell type produces IL-12 or if IL-18, which is known to be produced by intestinal epithelial cells (34) , is involved in the induction of the observed IFN-␥ mRNA expression. Another consideration is whether the small (Ͻ1%) CD45 ϩ population contributes to the measured IFN-␥ expression. The use of SCID mice excludes T and B cells from this role; however, functional NK cells would still be present. While not formally excluding NK cell-derived IFN-␥, the very low number of contaminating cells and the production of IFN-␥ by CMT-93 cells in response to E/S argue against this.
Previous studies have established a role for IFN-␥ in the epithelial hyperproliferation seen in T. muris infection. Administration of anti-IFN-␥ antibodies to infected SCID mice significantly reduced hyperproliferation at day 21 p.i. without affecting the susceptibility of the strain (2), although it was not clear if this activity of IFN-␥ was direct or indirect. More recently, it has been shown that increased IEC proliferation may be involved in worm expulsion (6) , an observation that initially seems at odds with the effect of IFN-␥. Further investigation revealed that IFN-␥ induces IEC to express CXCL10, which reduces cell movement up the crypt, an effect which in combination with increased cell proliferation leads to crypt hyperplasia, resulting in a larger niche for the parasite to occupy. Resistant mice express IL-13, speeding the movement of IEC up the crypt, where they are ultimately lost into the lumen, possibly driving the parasite from its niche in the process (6) . These mechanisms, seen at day 21 p.i. at the height of the adaptive response, may be initiated earlier than previously recognized, as we show here that IFN-␥ mRNA is increased by 24 h p.i.
The mechanisms by which IFN-␥ and TNF influence the development of type 1-mediated susceptibility may incorporate other features of their biology. It is now well established that IFN-␥ can directly reduce the barrier function of human IEC lines in vitro and that TNF synergizes with IFN-␥ in this effect (21, 28, 36) . This process could lead to increased bacterial invasion of the epithelial cell layer in vivo, acting as a powerful stimulus of a type 1 immune response. Indeed, this mechanism is one of the explanations for the observation that TLR4-and MyD88-deficient mice are highly resistant to T. muris infection (17) . However, despite several lines of evidence for IFN-␥ promoting susceptibility to T. muris infection, the cytokine was induced in BALB/c mice at 24 h and 7 days p.i., albeit at slightly lower levels than in AKR IEC. A function of IFN-␥ beyond T-cell polarization may be in the proliferation of local T cells, as the cytokine stimulates the production of IL-7 by IEC, a cytokine which causes the proliferation of lamina propria and intraepithelial lymphocytes (38) , giving a possible advantage to the host. Furthermore, IFN-␥ synergizes with TNF to induce the production of CCL2 (37), a chemokine necessary for the expulsion of T. muris (8) .
TNF has been shown to be expressed at higher levels in the human colon after bacterial infection (32) and in the mouse small intestine after Nippostrongylus brasiliensis infection (14) . A major proinflammatory role for TNF is the induction of increased amounts of intracellular adhesion molecule 1 on the surfaces of endothelial cells, a vital component in the early influx of inflammatory cells, such as neutrophils and macrophages, to a site of infection (39) . The increase in TNF mRNA expression reported here at 24 h p.i., along with CCL2, is consistent with a role in the early inflammatory-cell influx. TNF has also been previously shown to be involved in the immune response to T. muris infection (1). Administration of anti-TNF antibodies delayed worm expulsion without altering the levels of Th2 cytokines, suggesting an effector role for the cytokine. Furthermore, TNF receptor p55/p75 double-knockout mice were susceptible to infection and mounted a predominantly Th1 response, showing that TNF may also be involved in the generation of type 2 immune responses. The production of TNF mRNA by IEC from both resistant and susceptible strains at 24 h and 7 days p.i. confirms that the cytokine is involved in the host response from the earliest stages of infection. Whether the quantitative difference seen at 24 h p.i. between AKR and BALB/c IEC, an effect reversed at 7 days p.i., is important and how this might alter the generation of the subsequent immune response are currently unknown. The only absolute difference between susceptible and resistant mice reported in this study was the increased expression of CCL2 mRNA at 24 h p.i. in AKR, but not BALB/c, mice. This difference may be kinetic, as both strains expressed increased levels of CCL2 at day 7 p.i., or it could be linked with the higher TNF expression in infected BALB/c IEC at this time point. The observed elevation of CCL2 in the susceptible host by day 7 p.i. was unexpected, as CCL2 is involved in the generation of type 2 immune responses (15) and is necessary for the expulsion of T. muris (8) . Thus, if CCL2 production by IEC was linked to resistance and polarized Th2 responses, higher expression would have been expected in the resistant BALB/c and C57BL/6 strains of mice.
CCL2, however, is produced by epithelial cells from normal human gut mucosa (26) , as well as after bacterial infection in the colon (18, 32) and Giardia lamblia infection of Caco-2 cells (30) and here by IEC in response to T. muris and CMT-93 cells after E/S stimulation. These data show a role for CCL2 in response to several different infections, suggesting that the influx of cells expressing the CCL2 receptor, CCR2, is vital in the early response to intestinal pathogens.
Work on the epithelial cell-derived cell line CMT-93 mirrored the results from ex vivo IEC, with increases in IFN-␥, TNF, and CCL2 mRNA expression being measured by PCR in response to T. muris-derived E/S proteins. This confirms, in a large-intestine epithelial cell line, previous work showing that Trichuris suis E/S causes the production of cytokines by a small-intestine epithelial cell line (24) . The use of CMT-93 cells also allowed the investigation of phosphorylation of NF-B p65 (RelA), which was shown to be increased 4 h after E/S stimulation. A role for members of the NF-B family of transcription factors in the control of T. muris infection has been demonstrated using NF-B1, NF-B2, and c-Rel knockout mice (3) . Despite reduced Th2 responses, C-Rel knockout mice still expelled the parasite, but NF-B1 and NF-B2 knockout mice developed chronic infections associated with high IFN-␥ production by mesenteric lymph node cells. Although it was not possible to assess the in vivo involvement of NF-B p65, as the deletion of this subunit is lethal in utero, this study has now shown that NF-B p65 is activated in IEC following exposure to T. muris E/S products. To begin to explore the in vivo signaling pathways activated in response to the presence of T. muris E/S proteins leading to NF-B p65 activation, MyD88 Ϫ/Ϫ mice on a generally resistant C57BL/6 background were utilized. MyD88 Ϫ/Ϫ IEC showed no increase in expression of mRNA for IFN-␥, TNF, or CCL2 after infection, whereas expression of these genes was elevated in WT mice. This is consistent with previous reports showing that MyD88 is essential for the survival of T. muris (17) .
This study shows that the colonic epithelial cell is capable of responding to the presence of T. muris infection by up-regulating the expression of proinflammatory genes by 24 h p.i., a response which persists until at least 7 days p.i. The increased expression of IFN-␥, TNF, and CCL2 mRNAs depended on MyD88 and NF-B p65 signaling pathways; however, there was little difference in the overall cytokine expression profiles of IEC from resistant and susceptible mice. These data do not exclude the possibility that colonic IEC may influence the development of the adaptive immune response, culminating in a resistant or susceptible phenotype, but show that the factors investigated here are probably not involved. However, the strong inflammatory and macrophage chemoattractant signal produced by IEC does provide a mechanism by which cells are recruited to the large intestine in the initial stages of T. muris infection. Further understanding of the early innate signaling events and cytokine/chemokine production stimulated by T. muris at the site of infection (rather than the draining lymph node) may provide important information on the mechanisms that underlie the subsequent development of the differential adaptive immune responses generated in resistant and susceptible strains of mice.
